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| INTRODUCTION
A sea change in thinking about the immune response emerged in the late 1980s, with the proposal by Janeway that the immune response is not simply focused on foreign antigens, but also on the context in which a foreign entity is presented to the body. 1 Like most immunolo- 
| THE NKG2D-ACTIVATING RECEPTOR AND ITS LIGANDS
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A common thread of NKG2D ligand regulation is that the ligands are induced by pathways indicative of cellular abnormalities (previously reviewed in [20] , Table 1 , Figure 1 ). In the present article, we will briefly review some previously described modes of such regulation and provide a somewhat more detailed discussion of stress pathways activated in tumor cells, with an emphasis on examples discovered since the topic was last extensively reviewed. via the direct action of heat shock factor transcription factors. 27 On mouse cells, heat shock induced the expression of the MULT1 protein, but the mechanism was distinct as it was mediated by a process that counters the ubiquitin-dependent degradation of MULT1 that occurs in unstressed cells. 29, 30 In another example, p53 was shown to amplify expression of human ULBP1 and ULBP2 ligands, 31 whereas p53
does not detectably regulate other human NKG2D ligands or mouse NKG2D ligands. These examples suggest that some stress events regulate one or a few specific NKG2D ligands and not others, showing a specialization of regulatory processes inherent to different ligands.
| GENOMIC DAMAGE REGULATES NKG2D LIGANDS
Numerous NKG2D ligands are upregulated in tumor cell lines exposed to DNA damage, or to agents that block DNA replication, which impart DNA replication stress. 25, 32 Inhibitor and gene knockdown studies indicated that ligand upregulation in response to DNA damage and replication stress is mediated by the DNA damage response, which is activated by the ATM and ATR protein kinases and propagated by the checkpoint kinases CHK1 and CHK2. 25, 32 Blocking expression of ATR, to be critical for productive adaptive immune responses to many viruses and other pathogens, 33 due to the appearance of cytosolic DNA in infected cells. [33] [34] [35] [36] In its well-defined role, cGAS catalyzes the production of the cyclic dinucleotide 2′3′ cGAMP, which activates the STING protein, which in turn activates transcription factors IRF3 and NF-κB, leading to production of type I interferon and other cytokines. 37 Table 2 cGAS-STING-IRF3 pathway to NKG2D ligand expression on the cell surface remain to be established. 
| THE INTEGRATED STRESS RESPONSE REGULATES HUMAN ULBP1 EXPRESSION IN TUMOR CELLS
The as well as responses of cells to amino acid starvation and heavy metals. 48 When ATF4 was knocked out in each of three tumor cell lines, ULBP1 mRNA levels decreased by up to 10-fold, or as little as 1.5-fold, depending on the cell line. These findings suggested that ATF4 is constitutively activated to varying extents in different cell lines, and that it induces ULBP1 expression even when no purposeful stress was applied to the cells. When wildtype cells were further exposed to agents that impart ER stress or result in amino acid starvation, ULBP1 expression increased dramatically in all three cell lines, by 5-10-fold. 47 The ATF4
mutant versions of each cell line failed to respond to these stressors, proving the role of ATF4. Finally, ChIP-seq experiments showed that ATF4 binds directly to the ULBP1 promoter, and luciferase reporter experiments showed that ATF4 transactivates the ULBP1 promoter directly. 47 Taken together, these results suggested that tumor cells are subject to varying levels of stress that activates the ISR and the ATF4 transcription factor, resulting in significant induction of ULBP1 
| REGULATION OF ULBP1 BY RBM4, A REGULATOR OF RNA SPLICING
The screen in HAP-1 cells for cells with low expression of ULBP1 revealed a second regulator of interest: RBM4. 47 RBM4 regulates RNA processing 50 and (in a different context) translation of preformed mRNAs. 51 Knockout cells lacking RBM4-expression showed a twothreefold reduction in properly spliced ULBP1 mRNAs and a similar reduction in cell surface expression of ULBP1. 47 The defect in expression was caused by dysfunction in splicing of a large fraction of ULBP1 transcripts, specifically in proper excision of the first intron.
The aberrant splice event resulted in inclusion in the transcripts of a large segment of the intron, which contained in-frame stop codons.
Interestingly, RBM4-deficiency altered the expression of ULBP1 but not other human NKG2D ligands. RBM4 has been reported to support spicing of numerous other genes that suppress the transformed state, by impacting cellular migration, proliferation, and survival. 50 Hence, RBM4 appears to suppress the transformed state. Based on our results, RBM4 is predicted to suppress cancer by yet another mechanism: upregulating ULBP1 expression and hence rendering the cells sensitive to cytolysis by NK cells. 47 Consistent with a role in suppressing cancer, RBM4 downregulation in tumors is correlated with poor patient survival. Determining whether RBM4 expression or its splicing activity is regulated by stress pathways in cancer cells will be of interest for understanding its role in stress-induced immune responses.
| REGULATION OF NKG2D LIGANDS BY PI3-KINASE IN VIRAL INFECTIONS AND CANCER CELLS
NKG2D ligands are upregulated in cells undergoing certain infections.
The most well-studied examples are infections with herpesviruses such as the human and mouse cytomegaloviruses (HCMV and MCMV, respectively Together, these findings suggested Sp3 is required for m18-mediated expression of RAE-1.
Sp3 was associated with the RAE-1 promoter independent of m18 expression, suggesting its activity, rather than its association with the promoter, was regulated by m18. Sp factors may associate with histone deacetylases (HDACs), which regulate the activity of genes to which Sp3 is bound. Moreover, treatment of cell lines with HDAC inhibitors induced the expression of NKG2D ligand genes, including RAE-1. 25 Analysis indicated that m18 inhibits HDAC activity indirectly, by binding to casein kinase IIb and blocking phosphorylation of HDAC3, resulting in increased global histone H3 acetylation in cells and expression of RAE-1. 66 Interestingly, a number of herpesviruses inhibit HDACs, and such inhibition is often crucial to viral fitness. 67, 68 In the case of m18 of MCMV, for example, viral mutants lacking functional m18 showed defects in viral titers in the salivary glands, 66 which is predicted to impair viral transmission to other animals. Taken together, these collective results suggest that m18 is employed by the virus to inhibit HDACs and increase the expression of various host genes that favor viral fitness in vivo, and that NKG2D ligand genes are similarly induced to alert host immune cells to this danger. The expression of the NKG2D ligand genes would favor the elimination of the infected cells by NK cells, unless the virus also harbors evasin genes that prevent NKG2D ligand expression. 
| INDUCTION OF IMMUNE RESPONSES BY TRANSFORMED CELLS: ROLE OF THE
| COMMONALITIES OF NK CELL ACTIVATION IN VIRAL INFECTIONS AND CANCER
A fascinating aspect of the issues reviewed here is that the mechanisms of NKG2D ligand expression and NK cell activation uncovered (33) (34) (35) (36) in cancer cells also apply in some viral infections, and vice versa. Some of these similarities are listed in Table 2 and Figure 1 , and will be summarized here.
An obvious example of immune regulation that is shared by the immune responses to viruses and cancer is the DNA sensing pathway.
As already mentioned, STING or cGAS-deficient mice show strong defects in T-cell responses to viruses. [33] [34] [35] [36] 58 and Kaposi sarcoma-associated herpesvirus (KSHV). 59 These viruses inflict DNA damage or DNA replication stress, or activate the DNA damage response, by different mechanisms.
Histone acetylation was implicated in RAE-1 expression in viral infections, 66 and it was separately shown that inhibitors of histone deacetylase enzymes (HDACs), which increase histone acetylation, induce NKG2D ligands in cultured cell lines. 25, 74 Indeed, class I HDACs are elevated in cancers 75 leading to the proposal that they might suppress NKG2D ligands and aid in evasion of immunity by tumor cells. 
| CONCLUSIONS
The research described herein emphasizes how cellular dysregulation, respond not just to foreign entities such as antigens or pathogenassociated molecular patterns, but also to cellular abnormalities, via the action of stress pathways.
